Generalized mutilating recessive dystrophic epidermolysis bullosa (RDEB) is characterized by extreme skin fragility owing to loss of dermal-epidermal adherence. Immunohistochemical studies have implicated type VII collagen, the major component of anchoring fibrils, in the etiology of RDEB. In this study, we demonstrate genetic linkage of the type VII collagen gene and the generalized mutilating RDEB phenotype. We first identified a Pvull polymorphic site by digestion of an amplified product of the type VII collagen gene, which was shown to reside within the coding region. Genetic linkage analysis between this marker and the RDEB phenotype in 19 affected families which were informative for this polymorphism showed no recombination events, and gave a maximum lod score of 3.97 at a recombination fraction (0) of 0, demonstrating that this DNA region is involved in this form of RDEB. These data provide strong evidence that the type VII collagen gene, which has also been linked with the dominant form of the disease, harbors the mutation(s) causing the generalized mutilating form of RDEB in these families, thus underscoring the major functional importance of type VII collagen in basement membrane zone stability. (J. Clin. Invest. 1992. 90:1032-1036.) Key words: anchoring fibrils * dermal-epidermal junction * polymerase chain reaction * restriction fragment length polymorphisma lod score.
Introduction
Epidermolysis bullosa (EB)' is a group of inherited diseases characterized by blistering ofthe skin and mucous membranes, with an incidence of -1 in 50,000 ( 1) . The clinical phenotype ofEB varies from a relatively mild blistering tendency to severe mutilating and scarring forms. This group of diseases is also genetically heterogeneous, and both dominant and recessive 1. Abbreviations used in this paper: EB, epidermolysis bullosa; similarly DDEB and RDEB, dominant dystrophic and recessive dystrophic EB; PCR, polymerase chain reaction; RFLP, restriction fragment length polymorphism.
inheritance occur. EB can be divided into three major types on the basis of the level of tissue separation and blister formation within the skin (2): (a) simplex, nonscarring forms, with cleavage at the level ofbasal keratinocytes, which have recently been shown to be due to mutations in keratin 14 and 5 (3) (4) (5) ; (b) junctional forms, with tissue separation within the dermal-epidermal basement membrane at the level of the lamina lucida; (c) dystrophic (scarring) forms, with tissue separation within the upper papillary dermis at the level of the anchoring fibrils. Several clinically distinct subgroups have been described in each of these major categories (6) .
Dystrophic EB occurs in two forms: recessive dystrophic EB (RDEB) and dominant dystrophic EB (DDEB). The generalized mutilating form of RDEB (Mendelian Inheritance in Man Access No. 226600, i.e., the Hallopeau-Siemens type) is the most severe variant of dystrophic EB, characterized by extensive blistering ofthe skin and mucous membranes, resulting in mutilating scarring which leads to pseudosyndactyly, esophageal strictures, dystrophy or absence of nails, flexural contractures, and can lead to death from malnutrition, septicemia, or metastatic squamous cell carcinoma ( 1, 2) . The other subtypes of RDEB (generalized nonmutilating, localized, and inverse forms), as well as the dominant forms of dystrophic EB are characterized by less severe blistering and scarring, and the fusion of digits, characteristic of the mutilating recessive form, is absent.
Type VII collagen, the major component of anchoring fibrils that form attachment complexes between the epidermis and the dermis (7, 8) , has recently been implicated in the pathogenesis of both dominant and recessive forms of dystrophic EB. This conclusion was based on previous reports of altered ultrastructural appearance and paucity of anchoring fibrils in both forms ofthe disease (9) (10) (11) (12) 
Methods

Families
We studied 24 affected families with the severe generalized mutilating form of RDEB (the Hallopeau-Siemens variant). Five families (Fl-FV) had two or more living affected offspring, and consanguinity was found in families FI, FIV, and FXIV (Table I ). The diagnosis was based on family history, clinical examination, and electron microscopic evaluation. All the patients had severely scarring blistering since birth, resulting in erythematous and atrophic skin with milia, affecting all skin surfaces, with pseudosyndactyly characteristic ofthe mutilating recessive form of dystrophic EB (Fig. 1) , flexural contractures, nail loss, and frequent esophageal strictures. Skin biopsy specimens for electron microscopy analysis were obtained after mild rubbing of nonblistered skin of the groin, and the samples were processed using standard methods (24) . Ultrastructural studies revealed absent (Fig. 2, bottom) or markedly reduced and rudimentary anchoring fibrils as compared to the control (Fig. 2, top) , and tissue cleavage beneath the lamina densa, whereas the lamina lucida, hemidesmosomes, and the interstitial collagen fibers within the dermis were normal.
DNA analysis
Amplification ofgenomic DNA by means ofthepolymerase chain reaction (PCR). Genomic DNA was isolated from peripheral blood leukocytes and amplified as previously described (25) . Two sets of primers flanking each ofthe Pvull sites identified in the 1.9-kb human type VII collagen cDNA clone K-131 were designated as primers 1 (5'-CCATG-AGGCACCAGATACTC-3'; nucleotides 5-24) and 2 (5'-GTCCACC- K-131 cDNA clone. The numbers refer to the nucleotide position within the genomic region corresponding to this K-131 clone. 30 cycles were performed, each consisting of denaturing at 94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1.5 min. Analysis ofthe PCR products. One-tenth ofthe PCR reaction product was digested for 3 h with Pvull restriction enzyme ( 10 U/ 10 pA of PCR product) (New England Biolabs, Beverly, MA), separated by electrophoresis on a 6% polyacrylamide gel, stained with ethidium bromide, and photographed. Single-strand DNA was generated by PCR using unequal amounts ofprimers 1 and 2 (1 pmol/ 50 pmol), as previously described (26). The PCR product was then purified on microconcentrators (Centricon 100, Amicon Corp., Danvers, MA) and sequenced using internal primers by means of the dideoxynucleotide termination method (27) whereas in others all three bands were present. Conversely, digestion of this PCR product with Pvull did not change the migration position in other individuals. Direct sequencing of the corresponding DNA segment revealed an A-G substitution in the third position (nucleotide 375) of a proline codon (Fig.  3) , which abolished the corresponding Pvull site, but did not change the encoded amino acid, indicating that this nucleotide variation within the coding region ofthe gene was a silent polymorphism. The two other Pvull sites were also analyzed by means of Pvull endonuclease digestion of the amplified corresponding genomic regions (generated with sets of primers 3-4 and 5-6, respectively) and were found not to be polymorphic in the 38 control individuals examined.
Demonstration oflinkage between RDEB and the COL7AI locus. We The lod scores at 0 = 0.0 for each family were calculated using the LINKAGE program (28) . As shown in Table II , the individual lod scores in these families varied from -0.35 to 0.73 at 0 = 0.0, and the combined lod score for the 19 informative families was 3.97 at 0 = 0.0, thus establishing linkage.
Discussion
We used the Pvull RFLP to test the hypothesis of genetic linkage between the COL7A I gene and generalized mutilating RDEB. As described in Table II Although linkage between the type VII collagen gene and the RDEB locus does not demonstrate a causal relationship between this candidate gene and the disease phenotype, we observed no obligate recombinants with the type VII collagen gene (three families with slightly negative lod scores all included one parent who was uninformative for linkage to the marker locus). The lack of obligate recombination, together with compelling evidence for abnormal expression of type VII collagen in skin from RDEB patients (13) (14) (15) (16) (17) (18) , strongly suggest that type VII collagen is the gene harboring the deleterious mutation in our RDEB families.
Electron microscopic studies have consistently found either an absence of anchoring fibrils in the skin of patients with generalized RDEB, or a reduction in number and rudimentary appearance ofanchoring fibrils (9) (10) (11) (12) . Immunolabelling studies using polyclonal ( 15, 16 ) and monoclonal antibodies against type VII collagen epitopes ( 13, 14, 17) have revealed absent ( 13-16), or weak and discontinuous staining ( 17) along the dermal-epidermal basement membrane zone in skin from these patients. In addition, intracellular retention of type VII collagen epitopes in basal and suprabasal keratinocytes has been described in a patient with generalized RDEB (20) .
On the basis of these findings, it has been assumed that the absence or abnormalities ofanchoring fibrils in this form of EB were due to either impaired anchoring fibril formation caused by a defect in type VII collagen synthesis or processing, or destruction of normal anchoring fibrils by proteases such as collagenase. In some patients, collagenolysis in the upper papillary dermis has been reported, together with enhanced collagenase (30, 31 ) or stromelysin (32) activity, raising the possibility of excessive degradation of type VII collagen as a cause of diminished or absent anchoring fibrils. However, two groups working independently including our own (33, 34) have recently excluded genetic linkage between the collagenase and stromelysin genes and the severe generalized RDEB phenotype in two unrelated families.
In the present study, all the patients conformed to the clinical features of severe generalized mutilating RDEB (Hallopeau-Siemens variant) (2) . The absence of recombination events between the type VII collagen gene and the RDEB locus in the 19 families studied suggests that the genetic defect in this group of patients lies in the same locus, i.e., the type VII collagen locus. However, we observed clinical variations in the severity of the disease in the different families studied, suggesting that the molecular defect within the type VII collagen gene might be different from family to family. Moreover, the absence of linkage disequilibrium between the disease allele and the Pvull RFLP in the families studied suggests an independent emergence of mutant alleles.
Because RDEB consists of different subtypes, it has been speculated that mutations at different loci are responsible for clinical heterogeneity (35). So far, we cannot exclude linkage between another gene and the disease in other affected families. However, our present findings showing linkage between the type VII collagen gene and generalized mutilating RDEB of varying severity, together with the fact that all forms of RDEB so far described also display abnormal and/or reduced anchoring fibrils (2) , suggest that different mutations in the same locus could well account for the variability of expression among affected individuals.
Interestingly, the dominant form of dystrophic EB, which also involves major abnormalities ofanchoring fibrils ( I ), has recently been shown to be genetically linked to the type VII collagen gene in three DDEB families (21, 22) . This form of EB is associated with abnormal and reduced (but not completely absent) anchoring fibrils, and presents positive immunostaining of type VII collagen at the basement membrane zone ( 13, 15) . In that DDEB and RDEB exhibit significant clinical, electronmicroscopic, and immunocytochemical differences, it seems likely that the nature of the molecular defect within the type VII collagen gene is different. By analogy with other inherited disorders of connective tissue caused by defects in collagen genes (36) , distinct mutations in the gene encoding type VII collagen could well account for dominant or recessive phenotypes, depending on their deleterious effects on synthesis, secretion, folding, or fibril formation. In particular, structurally defective collagen molecules that interfere either with the folding of the triple helix or with self-assembly into fibrils could result in the degradation of the normal molecules which participate in the supramolecular organization of the collagen fibers. This phenomenon referred to as "procollagen suicide," has been previously reported as the molecular basis of dominant inheritance of type I osteogenesis imperfecta (37) . Similar mutations within the type VII collagen gene are likely to be associated with the dominant form of dystrophic EB, whereas mutations that prevent expression of type VII collagen, or give rise to a truncated type VII collagen molecule unable to interact with normal type VII collagen in carriers, could be responsible for the recessive forms. Delineation ofthe molecular defects associated with the DDEB and RDEB phenotypes should en-able these hypotheses to be tested, and help to identify the mechanisms underlying impaired anchoring fibril formation in dystrophic EB.
Finally, the characterization of a Pvull RFLP within an exon of the type VII collagen gene, detected by digestion of an amplified product ofgenomic DNA, will be useful in the development of a rapid method for detection of carriers as well as for accurate prenatal diagnosis in affected informative families.
